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Polyglutamine (PolyQ) aggregates are a hallmark of several severe neurodegenerative diseases,
expanded CAG-repeat diseases in which inheritance of an expanded polyQ sequence above a patho-
logical threshold is associated with a high risk of disease. Application of vibrational circular dichro-
ism (VCD) reveals that these PolyQ ﬁbril aggregates exhibit a chiral supramolecular organization
that is distinct from the supramolecular organization of previously observed amyloid ﬁbrils. PolyQ
ﬁbrils grown from monomers with Q repeats 35 and above (QP 35) exhibit approximately 10-fold
enhancement of the same VCD spectrum compared to the already enhanced VCD of ﬁbrils formed
from Q repeats 30 and below (Q 6 30).
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Supramolecular chirality is a distinct property of all macromol-
ecules found in living organisms. Beyond individual small mole-
cules, macromolecular structures can adopt a higher level of
chirality, such as the a-helix of proteins and the B-helix of DNA,
in which the chiral sense of helical structure has its origins in the
chirality of its individual amino acid or sugar constituents. The
hierarchy of chiral structure and organization can be traced to evenhigher levels of supramolecular chirality leading, in most cases, to
a distinct handedness in the resulting biological structure, such as
protein–RNA complexes, DNA–histone assemblies, and eventually
to even higher levels of biological organization associated with
physical morphology. Here we demonstrate that vibrational circu-
lar dichroism (VCD) reveals two levels of supramolecular chiral
organization in polyglutamine (PolyQ) ﬁbrils having their origins
beyond the local secondary structure of the constituent polypep-
tide molecules. This structural distinction has not been detected
by any previous imaging or spectroscopic analyses.
Amyloid ﬁbrils are b-sheet rich protein aggregates that are often
detected in organs and tissues of patients diagnosed with different
neurodegenerative diseases and other maladies associated with
protein misfolding [1,2]. Application of electron microscopy (EM)
and atomic force microscopy (AFM) has revealed a high morpho-
logical heterogeneity of amyloids, a phenomenon known as ﬁbril
polymorphism [3–6]. These and other microscopic tools, however,
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limit lies at the level of imaged ﬁbril handedness and none of these
techniques appears to probe down to the molecular level of ﬁbril
chiral organization [8].
Recently it was reported that VCD shows an enhanced sensitivity
to amyloid ﬁbril formation and development as demonstrated for
lysozyme and insulin [9]. The observed VCD intensities from fully
developed ﬁbrils are one to two orders of magnitude larger than
VCD intensities observed from solutions of isolated proteins. It has
now been unambiguously demonstrated that this enhanced VCD
sensitivity arises from the long-range supramolecular chirality of ﬁ-
bril structure and dynamics at all hierarchical levels [8]. This sensi-
tivity makes VCD a unique solution-phase, stereo-speciﬁc probe of
protein ﬁbril chiral structure and correlated ﬁbril morphology
[10]. Basic theoretical concepts lead to the conclusion that enhanced
VCD spectra as large as those observed from protein ﬁbrils can orig-
inate only from supramolecular aggregates that have a long-range
chiral organization [10]. For example, insulin and lysozyme ﬁbrils
that have an imaged left-handed twist morphology and possess
left-handed helical proto-ﬁlaments, exhibit a distinct VCD spectrum
with a sign pattern ( + +  + + ), named ‘normal VCD’ [11]. Micro-
scopic examination of protein aggregates formed from other amy-
loid-associated proteins reveals in some cases a presence of ﬂat,
tape-like ﬁbril polymorphs [12–15]. None of the conventional
microscopic techniques, such as cryo-S.E.M. and AFM, have been
able to visualize any twist on their surface. Nevertheless, VCD re-
veals a presence of supramolecular chirality in their supramolecular
structure indicating that these tape-like ﬁbrils are composed of
right-handed helical proto-ﬁlaments [8]. It was found that these
tape-like ﬁbrils exhibit a unique VCD spectrum that is close to mir-
ror image with respect to the signs, relative intensities and peak
locations, compared to a ‘normal’ (left-handed) ﬁbril VCD spectrum.
Herein we investigate the supramolecular organization of polyQ
ﬁbrils formed from monomers having differing lengths of Q resi-
dues. Such ﬁbrils are thought to be important players in the pathol-
ogy of the expanded CAG-repeat diseases, a family of at least 9
neurodegenerative diseases [16] linked to expanded polyQ se-
quences in 9 different disease proteins. For example, polyQ aggre-
gates are found in brain autopsies [16], and the repeat-length
dependence of spontaneous amyloid formation [17–19] parallels
the repeat length dependences of most of these diseases [16]. Thus,
disease risk is minimal for most of these diseases if polyQ repeat
length is below about 35, but is high for longer repeat lengths. In
contrast to the correlation of aggregation tendencies and rates of
disease risk, there has been little evidence for any systematic var-
iation of aggregate morphology with repeat length.
2. Materials and methods
2.1. Preparation of polyglutamine aggregates
All polyglutamine peptides were synthesized at the Small Scale
Synthesis facility at the Keck Biotechnology Resource Laboratory
of Yale University (http://keck.med.yale.edu/) and supplied crude.
All peptides were puriﬁed and disaggregated as described [20].
Aggregation reactions at 37 C in PBS (pH 7.4) were initiated, and
monitored by an HPLC-based sedimentation assay. Fibrils of poly-
glutaminepeptideswere isolated by centrifuging theﬁnal aggregate
suspension at 14000 rpm and re-suspending the pellet with appro-
priate volume of water to achieve the desired concentration.
2.2. Vibrational circular dichroism spectroscopy
VCD and IR spectra were measured at BioTools, Inc, Jupiter, FL
using ChiralIR-2X Fourier transform VCD (FT-VCD) spectrometerequipped with an MCT detector and the DualPEM option for en-
hanced VCD baseline stability. For each measurement, 10 ll of
polyQ sample was placed in a BioCell (BioTools, Inc.) with CaF2
windows and a 6 lm pathlength. During measurements the BioCell
was rotated at a constant velocity about the beam IR axis using
SyncRoCell (BioTools, Inc.) to eliminate cell and possible sample
birefringence. VCD and IR spectra were acquired for 2–4 h at
8 cm1 spectral resolution. Spectral baselines for VCD and IR were
determined from measurements of water in the same BioCell for
the same length of time as sample measurements. All subsequent
data processing leading to ﬁnal spectra was carried out in
GRAMS/AI 7.0 (Thermo Galactic, Salem, NH).
2.3. Deep ultraviolet resonance Raman (DUVRR) spectroscopy
DUVRR spectra were obtained at the University at Albany using
a home-built Raman spectrometer with 199 nm excitation wave-
length [21]. A spinning NMR tube with a magnetic stirrer inside
was used for sampling. All reported Raman spectra are an average
of at least three independent measurements. In hydrogen–deute-
rium (H/D) exchange experiments, aggregated polyQ samples were
centrifuged at 14000 rpm for 30 min. The precipitate was sepa-
rated from the supernatant and washed with D2O. This procedure
was repeated several times. The resulting dispersion of polyQ
aggregates in D2O was incubated overnight at 25 C prior to record-
ing DUVRR spectra. GRAMS/AI 7.0 (Thermo Galactic, Salem, NH)
was used for spectral data processing.
2.4. Electron microscopy
An aliquot of 5 ll from the ﬁbril suspension was placed on
freshly glow-discharged carbon-coated 400-mesh-size copper grid
and kept for 2 min before the grid was washed with a drop of
deionized water. After that, the sample was stained with freshly ﬁl-
tered 5 ll of 1% (w/v) uranyl acetate for 2 s. The excess of sample,
washes and stains was gently blotted off with ﬁlter paper. Images
were obtained using a Tecnai T12 microscope (FEI) operating at
120 kV and 30000xg magniﬁcation and equipped with an Ultra-
Scan 1000 CCD camera (Gatan) with post-column magniﬁcation
of 1.4 (EM facility at Structural Biology Department).
3. Results and discussion
We utilized VCD to investigate the supramolecular chiral orga-
nization of polyQ ﬁbrils formed from monomers with Q 6 30, and
QP 35. We also employed deep UV resonance Raman (DUVRR)
spectroscopy coupled with hydrogen–deuterium exchange (H/D)
to probe their secondary structure organization and evaluate the
solvent accessibility of their b-sheet cores. We found that polyQ
monomers of different repeat length not only aggregate at different
rates [18] but also form amyloid-like structures with different
morphologies as revealed by vibrational spectroscopy. VCD and
IR of mature polyQ ﬁbrils in Fig. 1 were measured using a Chi-
ralIR-2X VCD spectrometer equipped with a DualPEM accessory
(BioTools, Inc.).
It was previously shown that IR spectra of polyQ aggregates ex-
hibit typical vibrational modes of Q amino-acid residues (C@O at
1657 cm1 and NH2 at 1608 cm1), as well as vibrational modes
that originate from the amide chromophores (Amide I at
1626 cm1 and Amide II at 1533 cm1) [22–25]. While it cannot
be ruled out that 1657 cm1 band also contains amide I contribu-
tions from other minor amounts of secondary structure, such as
a-helix or polyproline II, the predominant contribution has been
previously established to be side-chain Q C@O stretching. Further,
all models of the structure of polyQ ﬁbril aggregates consist of
0.2
.4
.6
.8
1
1800 1750 1700 1650 1600 1550 1500 1450 1400 
Ab
so
rb
an
ce
Wavenumber (cm ) 
1657
1626
1608
1533
Gln
C=O
Gln
NH2
β
Am II
-2
-1
0
1
2
Δ
A 
x 
10
3
1668
1653
1622
1606
1540
1525
(a)
(b)
Fig. 1. VCD (a) and IR (b) spectra of Q41 aggregates (blue), Q26 aggregates (red),
Q25 aggregates (green) and Q 18 aggregates (black).
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aggregates frommonomers with different Q repeat lengths showed
very similar IR spectra, indicating high similarities in their second-
ary structure. All samples revealed a sharp Amide I at 1626 cm1
indicating the predominance of b-sheet in their structure.
The VCD spectra of these polyQ aggregates exhibit peaks at six
closely correlated frequencies with the sign pattern ( + + + + ).
Fibrils of Q18, Q25 and Q26 possess nearly the same VCD intensi-
ties when normalized by IR with DA/A (g-factor) in the range
±2  104. The magnitude of the VCD intensity is similar to that
of the previously observed tape-like insulin ﬁbrils with ‘reversed
VCD’. We also found that the intensity of a negative band at
1668 cm1 progressively increases (Fig. S1) with the increase of
the number of Q residues (Q18 < Q25 < Q26). In contrast, ﬁbrils of
Q41 exhibit approximately an order of magnitude greater VCD
intensity for all bands compared to the Q18–Q26 ﬁbrils (Fig. 1a).
In particular, dramatic enhancement of VCD band intensity at
1622 cm1 in the spectrum of Q41 ﬁbrils (1626 cm1 in the corre-
sponding IR band) implies the presence of a longer-distance chiralorganization of the amide chromophore in the b-sheet structure,
not present for Q18–Q26 ﬁbrils. Moreover, VCD also exhibits a cor-
responding level of enhancement of the Q side-chain VCD bands at
1668, 1653 and 1606 cm1. Thus one can deduce that these
side-chain groups, along with the main-chain amide groups, are
involved in an additional degree of long-range helical chiral orga-
nization. In fact it was previously shown that most likely the struc-
ture of polyQ ﬁbrils is stabilized by hydrogen bonding by amide
units in the polypeptide chain and by the Q side chains [24,26].
Therefore, polyQ ﬁbrils should be considered as a special class of
supramolecular amyloid-ﬁbril polymorphs. Previously we have
demonstrated the existence of two classes of amyloid supramolec-
ular polymorphs (left- and right-twisted proto-ﬁlaments described
above). In those cases, selective formation of either chiral poly-
morph can be controlled by small variations of the pH during the
protein ﬁbrillation. Based on these VCD results, the Q 6 30 ﬁbrils
can be considered as ‘simple chiral’ ﬁbrils with normal enhanced
VCD associated with supramolecular chiral structure, while the
larger VCD enhancement of QP 35 ﬁbrils should be considered
as aggregates with more ‘extensive chiral’ supramolecular organi-
zation. Interestingly, this occurs in the absence of any obvious
differences in morphology in electron micrographs as shown in
Supporting Information (Fig. S2), in parallel to the previously dis-
cussed inability of AFM and EM to show differences between ﬁbrils
that exhibit these VCD differences.
To investigate more closely the dependence of intensity on re-
peat length shown in Fig. 1a, we examined aggregates grown from
polyQ peptides Q30, Q35 and Q40. We found that aggregates
formed from Q35 monomer exhibited approximately ten times
greater VCD intensity compared to Q30 ﬁbrils, yielding a spectrum
with an intensity matching that of Q40 ﬁbrils (Fig. S3) as well as
Q41 ﬁbrils. In contrast, aggregates formed from Q30 monomer ex-
hibit a VCD spectrum with intensity of all bands similar to those of
Q18, Q25 and Q26 ﬁbrils. Despite these differences, the signs and
relative intensities of all VCD bands for Q 6 30 and QP 35 ﬁbrils
remain the same. Thus, there is only one VCD spectrum but it is
manifested in two distinct sizes, large (relative to typical isolated
protein VCD) for the Q 6 30 aggregates and very large, an order
of magnitude larger, for QP 35 aggregates. These two classes of
VCD spectra correspond to two distinct levels of supramolecular
chirality. Based on these results, we can conclude that the thresh-
old between these two levels of supramolecular chirality ﬁbrils lies
in the region of Q30–Q35 repeats in the ﬁbril monomer. Ongoing
studies in our laboratories should reveal further details about the
dramatic repeat length dependent transition between these two
ranges of VCD spectral intensities and the corresponding two levels
of PolyQ supramolecular chirality.
To gain further insight regarding the relation between polyQ
structure and Q repeat length, we utilized deep UV Resonance Ra-
man (DUVRR) spectroscopy coupled with hydrogen–deuterium (H/
D) exchange to probe the structural organization of polyQ ﬁbril
polymorphs. DUVRR spectra of all polyQ aggregates studied
(Fig. 2a) show amide Ib at 1660 cm1, amide IIb at 1550 cm1,
Ca–Hb bending at 1400 cm1, and amide IIIb between 1180 and
1330 cm1 [27]. As previously reported, the amide Ib band overlaps
with the Q side chain amide Is band; the Ca–Hb band overlaps with
the side chain amide IIIs + CH2 peak [27]. The high similarity of
DUVRR spectra of all polyQ ﬁbrils studied suggests that Q18, Q26
and Q41 ﬁbrils have the same basic secondary structure. Thus,
our DUVRR data are highly consistent with the FTIR data discussed
above.
At the same time, we found substantial differences in the spec-
tra of Q26 and Q41 ﬁbrils that were exposed to D2O (Fig. 2b). The
intensity of both amide II0 bands after exchange is substantially
higher in the spectrum of Q41 ﬁbrils. This observation suggests
that H/D exchange is taking place more extensively in Q41 ﬁbrils
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Fig. 2. DUVRR spectra of polyQ aggregates in water (a): Q18 (blue), Q26 (black) and
Q41 (red) aggregates. H/D exchange spectra (b) of Q41 aggregates (red) and Q26
aggregates (black). Their corresponding spectra in water are shown by dashed lines.
Subscripts b and s stand for backbone and side chain, respectively [27].
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core of Q41 ﬁbrils is thus less protected than the core of Q26 ﬁbrils.
A possible explanation of this unexpected observations is that ﬁla-
ments of Q41 ﬁbrils might have a higher degree of helical twist,
away from planarity, in their b-sheet core structure compared to
that of Q26, thereby weakening the b-sheet hydrogen bonds and
allowing greater rates of hydrogen–deuterium exchange. Such an
increase in helical twist angle, on the order of a few degrees or less
per Q residue, over a large supramolecular structure could be sig-
niﬁcant in terms of VCD intensity enhancement without noticeably
changing the local secondary structure that controls the VCD sign
pattern and relative intensities. In addition, the complete spectral
signature, including intensity scale, of the IR and DUVRR bands
would not change since these spectroscopies are not sensitive to
long-range supramolecular chiral structure. By postulating an in-
crease in helical twist angle, albeit small without secondary struc-
ture change, we are suggesting a structure change that could
simultaneously explain the jump in VCD intensity for large Q re-
peats as well as a subtle change in polyQ structure that gives in-
creased solvent access and with it increased H/D exchange rates.Due to the similarity of dimensions of the PolyQ ﬁbrils consid-
ered here, and amyloid ﬁbrils in general, one might be concerned
that the effects observed arise from spurious effects associated
with ﬁbril morphology. After having measured scores of PolyQ
samples with different numbers of Q-repeats and differing EM
morphologies, as shown in Fig. S2, we always observe, as reported
here, the same relative VCD pattern. If spurious signals were
responsible, or even present above the noise level, for our PolyQ
VCD measurements, then the high degree of reproducibility and
conservation of relative VCD intensities over many different size
variations and morphologies of PolyQ ﬁbrils could not be obtained.
Further, there is no evidence from the morphologies of PolQ ﬁbrils
for a sudden large increase in PolyQ VCD intensity. In particular
there are no signiﬁcant changes in the morphological sizes of
Q18, Q25, Q26, and Q41 ﬁbrils. Therefore we conclude that spuri-
ous effects due to the dimensions of PolyQ ﬁbrils are not present
in our VCD spectra.
In addition, our experience with many other ﬁbrils systems, for
example lysozyme and insulin, is that the spectra patterns are
highly reproducible despite many other variations. In particular,
the same frequency and sign pattern for both insulin and lysozyme
(VCD spectrum with peaks at 1554, 1593, 1627, 1647, 1670 cm1,
which have a sign pattern (+ +  + +)) [9] is observed despite differ-
ences in ﬁbril morphology. In addition, the sense of supramolecular
chirality can be controlled by small changes in pH incubation
resulting in enhanced VCD with a complete sign reversal of all ma-
jor ﬁbrils bands (VCD peaks at 1554, 1593, 1627, 1647, 1670 cm1,
which have a sign pattern (+ +  + +)) [9,28]. It also can be men-
tioned that the VCD spectra of peptide ﬁbrils has been simulated
using an oscillator chain model by Measey and Schweitzer-Stenner
and was found to be mainly dependent on intrasheet and inter-
sheet vibrational coupling between sacked b-sheets with a small
but important backbone twist along the beta-sheet ﬁbril axes
[29]. Therefore a possible presence of any spurious VCD signals
from the studied polyQ samples can be completely excluded.
It is interesting to contrast these results with other repeat
length dependencies of simple polyQ peptides. At the monomer le-
vel, there is no evidence in the electronic CD for conformational
differences between different repeat length polyQ sequences
[30–32]. There is, however, an enormous increase in aggregation
rate with increasing repeat length [18], and polyQ amyloid stability
also increases as repeat length increases [18]. The rate effect is
linked in part to a decrease in the critical nucleus size for amyloid
initiation, from a value of 4 for sequences of Q23 and lower, to a
value of 1 for sequences of Q26 and higher [20,30]. In a cell model
for expanded polyQ disease, in which cells die after taking up amy-
loid ﬁbrils grown in vitro, Q20 amyloid is just as toxic as Q42 amy-
loid [33]. Likewise, X-ray diffraction showed no gross changes in
the cross-b amyloid signature of polyQ aggregates with respect
to repeat length, but there was a suggestion that the b-sheets with-
in the amyloid structures from longer polyQ repeats may be wider
than from shorter peptides [34].
Finally, we note that there is a high degree of similarity of the
VCD sign pattern of the polyQ samples reported here and the cor-
responding VCD sign pattern for a cyclic b-turn-capped left-handed
anti-parallel synthetic b-helix peptide consisting of primarily of 18
alternating L- and D-leucine residues [35]. While it is premature to
conclude anything at this stage regarding the chiral structure of the
polyQ ﬁbrils reported here, one possibility that could be considered
is that the basic Q-aggregate structural element is a left-twisted
anti-parallel structure formed by a b-turn fold. The relation be-
tween the core polyQ chiral structures and their VCD spectra will
be pursued by planned VCD measurements of additional polyQ ﬁ-
brils and quantummechanical VCD calculations of candidate polyQ
ﬁbril structures.
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The study of polyQ aggregates using VCD substantially extends
our understanding of their supramolecular organization. Despite
being microscopically observed as ﬂat un-twisted tapes, these pol-
yQ aggregates exhibit a high order of supramolecular chiral organi-
zation that is maintained by both amide chromophore and Q side
chains. Both Q 6 30 and QP 35 ﬁbrils share the same secondary
structure; however, they have substantial differences in the details
of b-sheet structure, which makes QP 35 ﬁbrils more susceptible
to H/D exchange. Both Q 6 30 and QP 35 ﬁbrils exhibit distinct
and speciﬁc chiral organization of their secondary structure, which
differs substantially from the supramolecular organization of all of
previously reported amyloid ﬁbrils [8,9].
Finally, QP 35 ﬁbrils exhibit a dramatic enhancement of the
VCD intensity without any change of sign or relative intensity of
its VCD bands relative to the already enhanced VCD of Q 6 30 ﬁ-
brils. This indicates two new, as yet undetermined, levels of supra-
molecular chirality, one for the Q 6 30 ﬁbrils and a second for
QP 35 ﬁbrils that simply ampliﬁes the VCD without changing
the stereo-structural features that determine the VCD of the
Q 6 30 ﬁbrils. One possibility alluded to above is the observed in-
crease in spatial cross-section of the ﬁbril, becoming wider and
thicker, without any change in the basic local ﬁbril structure but
with some substantial change in the degree of long-range chiral or-
der or the degree of twist of the PolyQ proto-ﬁlaments. It seems
possible, but remains to be seen, whether the structural differences
between amyloid ﬁbrils of QP 35 and Q 6 30 peptides that are re-
vealed here by VCD and DUVRR spectroscopies are associated with
the observed differences in polyQ stability, aggregation rates, as
well as toxicity and pathogenicity, of normal length and expanded
polyQ sequences.
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